Abstract. The long-term forecasts predict that global warming will increase frequency and area of forest fires. Apart from economic losses resulting from a reduction of wood volume and annual increments of trees, the post-fire areas requiring the reforestation are enlarging considerably. The present study aimed at the comparison of growth parameters of Scots pine, European larch and common oak seedlings growing on post-fire forest area with those growing in the control forest site established after clear cutting which was not enveloped by fire. We hypothesized that differences in growth traits of seedlings growing on post-fire area or in the control would depend on the species-specific ecological requirements. Among three study species Scots pine was selected to be the most suitable for planting on burnt area taking into account its growth traits and reforestation success. Scots pine and European larch seedlings showed a greater thickness at root collar and pine had also a greater height on burnt area than in the control. Common oak responded inversely, it grew better in the control conditions compared with the burnt area. The pine grade of slenderness was similar in both treatments. Larch and oak reduced their grade of slenderness growing on post-fire area. Our results supported the hypothesis that the responses of the study trees to the burnt area conditions were determined by the species-dependent traits. The post-fire environment was the most favourable for light-demanding, pioneer pine and larch, but it was disadvantageous for late-successional, more conservative oak. Scots pine together with European larch are recommended to be planted on the burnt area to restore relatively fast the forest ecosystem. At the beginning of reforestation these species can play a role of pioneer crop and later will be able to become the dominant species together with less flammable broadleaved trees in the converted stands.
Introduction
The long-term forecasts suggest that the frequency and area of forest fires have increased due to global warming. The high temperatures enhance a rate of evapotranspiration which increases frequency and permanence of drought, especially when it is associated with a reduction of precipitation (IPCC 2001 (IPCC , 2014 . Such climatic conditions have been favourable for an increase in number and area of forest fires. Every year, in Europe, around 45000 wildfires occur and the burnt area occupies 0.5 million hectares (Moreira et al. 2012) . Forest fires are of great ecological importance due to: (1) death of plants and animals including endemic and other rare species endangered by extinction; (2) their role in global warming -burning of wood biomass is a significant source of CO 2 ; (3) changes in water, carbon and nitrogen cycles which affect functioning of the forest ecosystem; (4) enhancement of soil erosion and changes in carbon sequestration in forest, etc. On the other side, in some forests ecosystems fires play a positive role as they accelerate mineralization of organic matter and seeds' germination. Forest fires affect nutrient cycling, physical, chemical and biological properties of soils. Combustion of litter and soil organic matter increases availability of some nutrients, but others are volatilized (DeBano 1990) . Fire is not only destructive, but also it is a natural part of many ecosystems. For some tree species e.g. Pinus banksiana Lamb., Pinus contorta var. latifolia Engelm., Pinus halepensis Mill. high temperature during fire is needed for the opening of their serotinous cones (Johnson & Gustell 1993; Goubitz et al. 2003) . However, Scots pine reached its maximum germination rates at relatively low temperatures (70ºC -90ºC) (Nuñez et al. 2003) . Fires cause also considerable economic losses such as wood depreciation, reduction of annual increments, lowering of wood prices and costs related to fire prevention and suppression (Moreira et al. 2012) .
Poland is characterised by medium forest fire risk compared with the other European countries. However, there are a high number of forest fires in a relatively small area. Catastrophic fires may occasionally happen as it took place in 1992 (Ubysz et al. 2010; . In Poland, a higher number of forest fires have been observed in nineties of the 20 th century together with the increased air temperatures (Polna 2005) . Forest fires occur the most frequently from March to September with two maxima in early spring from April to May and during summer drought from July to August (Polna 2005) . It seems that global warming resulting in the increases of global temperatures and also in a shorter period of snow cover contributes to an increase in number of forest fires particularly in spring and autumn, although the data from a longer period are needed to confirm this observation. The main reasons of forest fires in Poland are: 1 -arsons, 2 -human activity, for example burning dry meadows is a plague in spring and can induce forest fires, 3 -meteorological conditions i.e. low litter humidity (≤12%), high air temperature (≥24ºC), low air humidity (≤ 40%), lack of precipitation, low cloudiness, 4 -species composition and age structure of stands . Scots pine is a dominant species (~69% of the total forest area) in lowland and Norway spruce in the montane forests both creating monospecific coniferous stands which are more sensitive to fire compared with mixed or deciduous broadleaved forests ; Report about the State Forests in Poland 2013). Forest fires occur frequently at the young stage of stand development: at the thicket and small polewood stage (Karlikowski et al. 1997) . Therefore, it can be expected that the number of fires will increase together with the greater area of forested post-agricultural lands (Report about the State Forests in Poland 2013).
Depending on water conditions of the site, the post-fire area can dry due to an increase in evapotranspiration or contrary, if there is a high ground water level and precipitation, soil may become more humid and even boggy as there is no transpiration from crowns of trees. The postfire soil may become temporarily impervious to water increasing the amount of water runoff. After a forest fire the secondary succession of plants including forest tree species can begin through germination of seeds conserved in soil seed bank, brought by wind or animals and reproduction with vegetative organs (Dobrowolska 2008) . However, the processes of succession up to the forest restoration take long time. Therefore, post-fire area of economic forests should be artificially regenerated as fast as possible to reduce soil erosion and restore forest ecosystem functioning along with the wood production. The key problem is to establish a species composition of trees' plantation on burnt area. The selected species should be able to cope with unfavourable growth conditions such as high temperature amplitudes, high irradiance strong wind and low soil nitrogen content in the post-fire environment.
The main aim of the present study was to compare parameters of early growth of Scots pine, European larch and common oak with regard to use the species in restoration of post-fire area in Poland. We hypothesized that growth responses of seedlings to post-fire site conditions will be determined by the species-specific ecological requirements.
Study site
The experimental plots were located at the Forest District "Sława Śląska", in west-southern Poland. The Forest District is situated in "Wielkopolsko-Pomorski" Region, "Pojezierze Lubuskie" Province, "Ziemia Lubuska" District, "Plain Nowotomysko-Kargowska" District, "Lowland Wielkopolsko-Kujawska" Province, "Pojezierze Wielkopolskie" District (Trampler et al. 1990) .
The plots were randomly distributed in the subcompartment: 299.d.01 (51º47'23'' N; 59 º03'04'' and 299.a.00 (51º47'27'' N; 59º12'09 '' E) (post-fire area), and on a post clear cutting area in 288. 1.00 (51º47'19'' N; 58º14'03'' E) and 263.f.01 (51º47'58'' N; 59º46'04'' E) (control) . The distance between the plots was around 30-40 m. The relief was lowland with a flat terrain on each plot.
On the territory of the Forest District "Sława Śląska" the prevailing site is the fresh mixed broadleaved forest. The experimental plots on post-fire area and in the control were situated at the site of the fresh mixed broadleaved forest with the brown podzolic soil in both treatments (Brunic Arenosol according to WRB 2006; Marcinek et al. 2011 Management Plan 2006) . When compared with the other regions of Poland, the vegetative season at the study site was relatively long, mean temperatures were high and the annual precipitations lower than the country mean sum. These meteorological conditions may contribute to a frequent occurrence of forest fires.
Material and methods

Experimental design
The fire which took place in July 2006 was one of the biggest in the history of the Forest District "Sława Śląska" and occurred on 21.04 ha of forest area and around 20 ha of meadows. The forest fire was classified as the total fire of stand. Not only trees, but also plants of forest cover and litter were burnt.
For P. sylvestris and Q. robur five 0.01-ha circular experimental plots (r = 5.64 m) were established in each of both treatments: on the burnt area and in the control. For L. decidua three plots were in each treatment. The central tree and border of a plot were marked with a paint. The plots were regarded as the true repetitions.
Material
The plant material was originated from the local nursery. Before planting, the soil was prepared with the mean ploughing in all compartments. Bare-root, one-year-old seedlings of Pinus sylvestris and Quercus robur and twoyear-old seedlings of Larix decidua were planted on the burnt area and in the control in 2008 (oak) and 2009 (pine and larch). When the measurements were conducted P. sylvestris and Q. robur were six-year-old and L. decidua was seven-year-old. There were no weeding or thinning before measurements of growth and the competitive impacts of weeds on seedlings' growth were similar for all plots. The plantations of Q. robur and L. decidua were fenced against damages caused by game. The pine plantations were not fenced as damages by game were not significant. The study seedlings grew in the similar site conditions and to the same extent they were threatened by the late frosts. For P. sylvestris 378 and 315, for L. decidua 53 and 39, and for Q. robur 193 and 174 seedlings were measured in the control and on post-fire area, respectively.
Before growth measurements, survival of seedlings was assessed by counting dead individuals and calculating a percentage of living trees. The survival on post-fire area was 93% (299.d.01) and 85 % (299.d.01), and in the control 85%. Health condition of saplings was estimated as good or very good taking into account different damages caused by game, pathogenic fungi or insects.
P. sylvestris is a fast growing conifer which has the typical traits of a pioneer species. It has a high ecological plasticity and high tolerance to stressors such as: high light, drought, low or high temperatures or deficit of nutrients (Czerwiński, Przybylski 1993; Forestry Compendium 2005) . It is characterised by high ecological plasticity which is reflected in the large area of its natural geographical range. In Poland, it can grow in dry habitat being a component of Cladonio-Pinetum, but also in moist or even boggy habitats of Vaccinio uliginosi-Pinetum (Matuszkiewicz 2001) .
L. decidua Mill. is a deciduous conifer characterised by even more dynamic growth than pine. It is native to the Alps, mountains of central Europe and there are also lowland populations in northern Poland and southern Lithuania. In contrast to P. sylvestris, this species grows well in Polish mountains at mid and high elevations (Boratyński 1986) . It is also a pioneer, light-requiring, tolerant to low temperature, but not tolerant to drought and waterlogging (Forestry Compendium 2005) . L. decidua has lower ecological plasticity than P. sylvestris. Q. robur is a deciduous broadleaved tree. It is moderately shade tolerant at the young age. Seedlings of this late-successional tree grow slowly compared with the pioneer species, but faster than those of Q. petraea. It is sensitive to a decrease in ground water level, late frosts, summer drought and deficit of nutrients in soil. Generally, the species has the conservative ecological requirements (Modrzyński et al. 2006 ).
Methods
Growth measurements
The measurements of height and thickness at root collar of all seedlings were conducted before the bud opening, in February and March 2014. The height of seedling was measured with accuracy of 5 mm using a ruler and thickness with accuracy of 1 mm with an electronic calliper. Then, the grade of slenderness defined as a ratio of height to thickness at root collar (h/d) was calculated.
Data analysis
Before applying the analysis of variance, the data were tested for normality and homogeneity of variance using the Shapiro-Wilk and Levene's test, respectively. The effects of the treatment (T: burnt area, control), the species (S: P. sylvestris, L. decidua, Q. robur) and of the interaction T x S were analysed using the two-way analysis of variance with interaction at the significance level α = 0.05. When the ANOVA results showed the significant differences, the Tukey's a posteriori test was used to compare the species and the treatments in the given species at α = 0.05.
The relationship between the height of trees and their thickness at root collar was compared between the treatments for each species, separately, using the linear regression. The equations of regression, coefficient of determination (R2) with probability were given. The linear regression was significant at P < 0.05. The ANOVA was conducted with Statistica v. 12.0 (Stat Soft, Tulsa, OK, USA) and linear regression with Sigmaplot v. 12 (Systat Software, Inc.).
Results
The analysis of variance showed significant differences between the species and between the treatments. The mean values of thickness at root collar (d) were 1.5, 4.1 and 6.0 cm for Q. robur, P. sylvestris and L. decidua, respectively (P < 0.001). The species were ranged in the same order with respect to the mean height (h): 92, 172 and 337 cm (P < 0.001). The differences between the species for d and h were significant in Tukey's test. The grade of The results of two-way ANOVA for treatment (T), species (S) and interaction (T x S) are shown. F -value of Snedecor's function, 0.05 > * P ≥ 0.01; 0.01 > ** P ≥ 0.001, *** P<0.001. The same letters above the columns indicate that the mean values do not differ significantly in Tukey's test at α < 0.05 slenderness was lowest for P. sylvestris (44) and it differed significantly from L. decidua (58) and Q. robur (61) when all seedlings for each species were pooled to calculate the mean values of h/d.
The mean values of the growth parameters were compared between the treatments within each species, separately, using the Tukey's test for the interaction T x S (Fig. 1) . In seedlings of Q. robur all the parameters were higher in the control (2.1 cm, 139 cm, 72; d, h and h/d, respectively) than on burnt area (0.9 cm, 44 cm, 50) ( Figs  1a, b, c) . In L. decidua, the mean value of d was higher on the burnt area (6.5 cm) compared with the control (5.4 cm), but the seedlings did not differ significantly in h (320.2 and 354.5 cm, respectively) and showed the higher h/d ratio in the control (67) compared with the burnt area (49) (Figs 1a, b, c) . In the post-fire environment, the seedlings of P. sylvestris found better growth conditions (5.0, 213.3; mean values of d and h, respectively) than in the control (3.1, 130.7). The pine seedlings acclimatized to one of the treatments did not differ in h/d (44) (Fig. 1c) .
The relationship between the h and d of seedlings was linear for the species and treatments. Interestingly, in the control there were thinner and smaller seedlings of P. sylvestris than on the burnt area. When h was compared between the treatments at the same d, it was higher on the burnt area compared with the control. The slope of the regression line for the burnt area was slightly higher (Fig. 2) . In L. decidua, inversely, at the same d the seedlings were higher in the control (Fig. 3) . For Q. robur the ranges of d and h values were narrower on the burnt area than in the control. The comparison of the slopes of regression lines indicated that growth of oak seedlings was inhibited by the post-fire conditions (Fig. 4) .
Discussion
Early successional, light requiring P. sylvestris and L. decidua found suitable conditions for growth in post-fire environment. These pioneer tree species are tolerant to high temperature amplitude, high insolation, wind and unstable water and nutrient content in soil which are typical for a large post-fire area (DeBano 1990; Polna 2005) . The results of the present study showed that growth responses of P. sylvestris to post-fire site conditions can be positive when compared with trees growing in the control which was not enveloped by fire. Scots pine had the lowest value of grade of slenderness indicating that the saplings of this species were more tolerant to wind and snow than both other study species. Growth dynamics expressed as the slope of the linear regression between d and h were higher, especially for L. decidua in the post-fire environment. In contrast, late successional and shade tolerant at the young age Q. robur reduced its d and h growing on the burnt area. Its growth dynamics was lower compared with the control. The results of our study supported the hypothesis that the responses of trees to the post-fire environment would depend on the species ecological requirements. It appeared that for P. sylvestris and L. decidua high insolation and lack of competition with neighbouring weeds in the open post-fire area can compensate to some extent the disadvantages offered by this environment. It is also plausible that the contents of phosphorous, potassium, calcium and magnesium were higher in post-fire soil compared with the typical forest soil (DeBano 1990; Polna 2005) . However, these conditions were not suitable for Q. robur which is moderately shade tolerant at the young age and is sensitive to high temperature amplitudes, in particular the late frosts, and high insolation (Gross et al. 1996; Oszako 2000) . On the burnt area there was not a natural protection of neighbouring plants against these unfavourable for oak climatic factors. Additionally, Q. robur is not tolerant to water deficit in soil which could also cause a reduction of its growth on the burnt area (Jaworski 2011). As a result of fire, forty chemical compounds are formed which too high concentration may increase a danger of physiological drought (Polna 2005) .
P. sylvestris has a large geographical range and occupies different habitats creating numerous ecotypes. It cannot be excluded that if another provenances of pine would have been used in our experiment, the results had been opposite to those given in this study. It exists an intraspecific variability of P. sylvestris in response to the post-fire environment, which should be taken into account when pine is used for planting on burnt area (Hawryś et al. 2008) . A provenance differentiation can be also expected in other species used for reforestation of the post-fire areas. The other limitation of our conclusions is the young age of the study trees. The ranking of the species established in response to the post-fire conditions may change with the age of trees.
Although L. decidua is a montane species, it is often used as and admixture for reforestation and afforestation of post-agricultural areas (Puchniarski 2000) . The present results indicated that this fast-growing pioneer tree is able to cope perfectly with the post-fire environment even outside its natural range of occurrence. In comparison with P. sylvestris, this species is more requiring for water and soil conditions, but it is characterised by the highest growth dynamics and is extremely tolerant to high temperature amplitudes and low temperatures (Forestry Compendium 2005) .
In the context of our results the question can be addressed if planting of Q. robur and other species showing a reduction of growth under post-fire conditions may provide some advantages, in particular, if it might reduce a risk of fire hazard and future fire severity (Thompson et al. 2007) . First, it is not clear if only the post-fire factors diminished growth dynamics of Q. robur. We cannot exclude that the soil conditions were not optimal for Q. robur and instead of this species Q. petraea, which is more drought tolerant, should have been planted (Jaworski 2011) . The overarching priority of the reforestation of the burnt area should be to maintain the sustainability and continuity of the functioning of forest ecosystem. Therefore, besides the pioneer species, an admixture of less flammable, broadleaved species should be planted. In our study Q. robur showed a low growth and quality on the burnt area, but this species is less flammable and its litter decomposes faster than that of conifers improving soil conditions. The flammability index of oaks is 0.77, and that of L. decidua and P. sylvestris 1.24 ).
There is evidence that P. sylvestris and L. decidua can be recommended to be planted on the post-fire area. This conclusion was also supported by the results of the earlier studies conducted on the other type of site: the fresh coniferous forest ). However, the regeneration of the monospecific or mixed pine -larch stands will not reduce a risk of fire in the future forest; both species were classified among the most flammable ones ). Therefore, it would be reasonable to plant them to begin a progressive comeback of forest ecosystem, but at the same time, the stand transformation with the use of less flammable species should be planned. To minimize a danger of forest fire, the stand transformation can begin at the early stage of forest development. As the result, the mixed stands with coniferous and broadleaved deciduous species would be less threatened by fires compared with monospecific, coniferous forests ), although the stand conversion is a long process and technically difficult. The forests being transformed are often damaged by game, thus they have to be fenced. There is a dilemma between the rapid regeneration of forest using only the pioneer coniferous species and reforestation linked with the stand conversion with the less flammable broadleaved tree species. An interesting solution can be a plantation of pine and larch with Alnus incana (L.) Moench which is a less flammable species and, importantly, bacteria living in its roots are able to assimilate nitrogen from the air. This natural soil fertilization with nitrogen stocked in A. incana roots can improve growth conditions in post-fire soil with a deficit of nitrogen. The beneficial effect of alder on the size of diameters at breast height of pines was already observed at 25 % of participation of this species .
To diminish the negative effects of fires on forest ecosystems, the rapid regeneration of stands and an enhancement of their tolerance to fire is required. Further studies should concern the use of less flammable broadleaved species for the transformation of post-fire monospecific stands to regenerate the forest ecosystem and reduce a danger of future fire.
Introduction
Water, during its circulation in the hydrological cycle, reaches surface area in the form of the precipitation. When limiting the examination to precipitation liquid form, it can be stated that after entering area (land) surface, water either soaks into the ground or remains on its surface. This depends on two factors: ground filtration ability and precipitation intensity. Filtration ability strongly depends on ground structure that is from mutual grain and particle arrangement (Bochenek 2002) , but also on condition of ground profile saturation with water from previous precipitation. Natural grounds with stable plant cover, e.g. forest grounds are characterised by relatively high porosity and as a result they can soak high amounts of water coming from precipitation. In the case of anthropogenically compacted soil, the structure and porosity are changed, which also changes conditions of water movement in the ground. Then such situation can take place that not the whole precipitation quantity, which has reached surface area, can be soaked by land (Wemple & Jones 2003) . This excess amount creates surface runoff on sloping surfaces as a result of gravitational force. Differences in filtration capacity in various grounds are provided by Gil (1990 , after Słupik 1972 : in abandoned agricultural soil -90 mm·min -1 , in ploughed soil -1.2 mm·min -1 , which can be compared with filtration capacity in ground surface of a slope road with high quantity of a natural structure: 0.00÷0.05 mm·min -1 (Gołąb et al. 2006 ).
Surface runoff is rarely observed in forested areas with undevastated, natural soil and plant cover. It is formed only after heavy precipitation on steep slopes covered with soil of low thickness level or in the case of ground saturation as a result of earlier precipitation (Kosturkiewicz & Szafrański 1983) . The quantity of surface runoff observed in the Tatra mountains are provided by Midriak (1990) (Table 1) .
Other study, conducted by Słupik (1972) , provide information about the quantity of surface runoff measured in the forest: 100 l·ha ) during heavy precipitation 60-90 mm, lasting for 1-2 hours.
Water in surface runoff omits a very important phase of water circulation in nature, namely the subsurface retention phase (Gołąb 2004) , whose result are high stream levels after heavy precipitation and a threat of flood. The next outcomes were low ground water levels and the lack of water for broadly understood consumption. Therefore, the key factor in occurring of the surface runoff is surface area feature, just after precipitation intensity, which can be named as tightness of this surface and its fall. Water flowing in the form of surface runoff from the catchment area, very quickly reaches the stream dehydrating the valley and becomes unavailable for the valley ecosystem. Gradkowski (2011) states that surface runoff in areas, out of a forest or a city, constitute about 20% of precipitation, whereas it is about 80% in the city as a result of tightness of area cover. The areas which have high level of tightness are, inter alia, surfaces of roads, squares, building roofs and rock outcrops with low cracking level. Mentioned infrastructure elements are made with gradients in order to force water flow from external areas, which is the basic condition improving durability and functionality of buildings in our climate. In forest areas, roads, less often squares with the function of timber yards, possibly buildings can be seen among other objects with high level of tightness.
Forest areas must be appropriately made available, so that it will be possible to use them in compliance with the provisions of the forest law (Ustawa o lasach 1991) . Apart from the function of protecting waters, soils and air, creating the living environment for a vast number of plants and animals. The forest fulfils also other important functions: it is the place for producing the multi-functional material -wood and many other raw materials, valuable for industry and society; it is a reserved area; the place of work, the place for rest, recreation and education; the place for pursuing sport and active tourism. It also has functions related to state defence. Fulfilling many of these functions by forest is inseparably linked to the possibility of communication that is existence of the forest road network. Roads are treeless strips of land, without natural coverage, appropriately shaped in longitudinal and transverse directions, on which car traffic with particular characteristics is possible. Light traffic with low intensity level can take place on roads with ground surface, however traffic of heavy-load vehicles is possible only on roads equipped with surfaces of high load rating, made of adequate materials and what is important, in compliance with the technical requirements. Surface water flow is created as a result of rainfall on all road surfaces, which have been properly constructed and maintained, but also on these, which have ruts and are eroded (Martinez-Zavala et al. 2008) .
The subject of this work is surface runoff created on forest roads in mountainous areas. The objective of this work is to describe the meaning of surface runoff occurring in mountainous forest areas by analysing results of area measurements and simulation calculations for the described area.
Formulated the hypothesis that the density of the road network is significant for the size of surface runoff forming in mountain forest.
Materials and methods
Study area
The measurements were made in the catchment area of Dupniański Stream in the Silesian Beskid mountains, Forestry Division of Wisła (Fig. 1) . The complete characteristics of the catchment area are provided by Suliński (1997) , the most important parameters have been provided below.
The catchment area is located in the zone of Carpathian climate, in the river basin of Olza, standard annual precipi- and it was equipped with a measuring container of about 25 dm 3 . Measurement of the quantity of water collected by the measuring culvert was started every 15 minutes and lasted most frequently 5 minutes (with the precision of 1 s.) or the number of seconds was recorded, if the container filled in quicker. Water capacity was recorded with the precision of 0.1 dm 3 . Water culverts were built and installed in the manner providing measurement of the whole runoff without any losses.
Precipitation was measured in two places: directly next to the road, on which runoff measurements were conducted and at the time of their performance, as well as in order to conduct other analyses (also of controlling purposes) at the flow area closing the catchment area. Precipitation at the road was measured every 15 minutes at the time of starting each measurement, however standard daily total quantity was recorded at the closing flow area.
Measurements were started on all sections at the same time and the obtained measurement results made it possible to compare measured values by calculating single runoff intensity -q' s (in relation to 1 m 2 ).
Calculations conducted in the simulation of surface runoff from the network of forest roads
Knowing the levels of the unit intensity of surface runoff from forest roads, simulation calculations can be conducted on the quantity of water runoff from a larger forest area, characterised by the existing or planned density of the road network. Such simulation is presented below. Some preliminary assumptions should be made at the beginning of simulation calculations. It was assumed that tation is 1200 mm, average specific runoff in the long-term is 23 dm 3 ·s -1 ·km -2 , average annual evapotranspiration is 515 mm, average annual air temperature is +5.5˚C (Klimaszewski 1972; Stachý 1987 (Czarniecka 1998 ). The characteristics of selected sections of a slope road, on which measurements of surface runoff were conducted (Gołąb et al. 2006 ) is provided in the Table 2 .
Runoff measurements
A single measurement section was indicated by installing two water culverts on the road surface. A culvert blocking water supply from the part of the road located above the surveyed section was installed in the upper part of the section, whereas a culvert placed below, collected the whole amount of water running off the surveyed section surface the conditions in which surface runoff was measured were average conditions in the simulation area. This applies to all area features, forest stand, roads, lands and precipitation. The assumed simulation area was 100 ha and runoff for two various densities of road networks were simulated: 15 and 25 m·ha -1 . These values are from the range of the density of forest roads for the areas in the Carpathians recommended in the literature (Drogi leśne 2006). It was also assumed that the described precipitation cases lasted for 3 hours and simulations were conducted for each of such periods.
Calculation of the water quantity in the surface runoff was based on the aforementioned measurements of the runoff intensity. For selected measurement sessions (15 September, 9 October and 16 October 2004 with precipitation: 9.8 mm, 5.2 mm and 2.8 mm and in the previously described session of 21 March 2004 without precipitation, during spring snowmelts), average single intensity was calculated, which was then calculated by the surface of roads (with the assumed average road width of 3 m). Calculated quantities of surface runoff were also referred to the precipitation amount on the whole simulated area.
Results
Quantity of surface runoff
The results of measurements of the surface runoff intensity are presented below (Figs 2-4 ). They were conducted on selected road sections during three measurement sessions, different from each other in the precipitation level.
Simulation of the runoff level from the network of forest roads
The calculated average values of single intensity of the surface runoff were provided in Table 3 for different road sections and measurement sessions conducted during specific precipitation cases. Average values of single runoff intensities from all sections were also provided in Table  3 as representative values for the whole session and the whole area. These average values represented the basis for further simulation calculations.
Calculated quantities of the water coming from the surface runoff were provided in Table 4 ; the values are related to the surface of forest roads in the area of 100 ha at defined densities of the road network and assumptions defined in the chapter "Methodology". Moreover, the percentage of this runoff was compared with the general precipitation capacity.
Discussion and conclusions
The data presented on the charts provides actual values of surface runoff of water from forest roads, whereas the applied measuring interval (15 minutes) shows the dynamics of this important ecological problem very well. The Figure  4 shows the starting point in the process of runoff forming at small cumulative precipitation. The interception phase of the initial precipitation through the forest hood was expressly shown as well as the surface of the road itselfinitial precipitation intensity was at the level between 0.1 ÷ 0.2 · 15 min -1 does not cause runoff creation, but only moistens the surface, was expressly provided. Small reaction took place only in the section D, where the scarp trench cross the canal of intra-layer runoff. After initial moistening of the surface and increasing precipitation intensity, runoff was observed on all surveyed sections, yet its single intensity is at low level. The section D reacted much stronger. Runoff intensities were presented in the Figures 2 and 3, which were obtained in other measurements with similar precipitation intensity. Runoff intensities obtained here are very similar, with a visible advantage gained in the section D. Both measuring sessions were started on time, when precipitation had already started, yet they showed changed in runoff quantities as the reaction on variations of precipitation and the lack of it (Fig. 3) . A 30-minute delay was expressly shown, related to minimum and maximum runoff intensity in relation to minimum and maximum precipitation intensity. The dynamics of this reaction on individual road sections is related to individual features of these sections, which shall be the topic of separate research. Special attention should be paid to the intensity levels as well as the dynamics of changes (at least in the runoff initial phase), considerable impact on ground saturation with water coming from earlier precipitations (Brodowski & Rejman 2004) . This type of materials and their analyses were included in other works (Gołąb 2011) . Calculated runoff intensity levels on ground forest roads, with relatively low precipitation level, oscillating between 0.00001 ÷ 0.002 dm 3 ·s -1 ·m -2 , in comparison to the average annual runoffs recorded by Midriak (1990) When taking these runoff intensities to the forest area of similar, assumed characteristics, the area of 100 ha, it was calculated that with the precipitation level of 2.8 mm lasting for 3 hours and the road density of 15 m ·ha -1 : surface runoff will be created on roads, with the total value of 923.1 dm 3 . It constitutes the average water consumption of one person for over ninety days (standard consumption level: 100 dm 3 ·day -1 ·person -1 ) (Rozporządzenie Ministra Infrastruktury 2002). For the biggest precipitation level which was measured here of 9.8mm and the network density of 25m·ha -1 , runoff was calculated at the level of 48 397.4 dm 3 , which constituted 484 times greater daily consumption (demand of one person for almost one and a half of year). For Spring snowmelts, for a 3-hour period without any precipitation and lower road network density, runoff level could obtain the 1134 times of the daily consumption (demand of one person for over three years), yet for the bigger surveyed network density: 1890 times of the daily consumption (demand of one person for over five years). However, these were the results of calculations performed for simulated conditions with many assumptions and averaging, yet their values have considerable meaning. It was supplemented and also in a way mediated the comparison of obtained runoff values with the general water quantity in this precipitation cases in the whole area (Table 4).
Based on the obtained results, the following conclusions have been drawn:
The presence of forest roads in the areas as well as other areas deprived of plants and with changed characteristics of filtration abilities in surface ground layers, decreases retention abilities of these areas.
Soil consolidation in road surfaces causes considerable change of filtration conditions in relation to the natural grounds and occurring surface runoff on roads, even at low precipitation levels, which has its consequences for the quickness of water circulation in nature.
The systems of surface dehydration and their elements applied in road constructions, especially water culverts, can effectively "regain" water from surface runoff, provided that water out flowing from these elements underground surface would be entered with care. A good solution seems to be installing modified absorbent wells just after the outlet of each of these devices.
A great significance for the amount of observed surface runoff from road surfaces has the fact of cutting the canal for intra-layer runoff with the scarp trench. Apart from the drainage effect of sometimes considerable area located above the road, greater erosive losses in road surfaces should be also expected.
The surface runoff level calculated in the simulation show one more time the significance of retention possibilities of the forest mountainous areas. It is especially important in the context of water deficit and the situation of the risk of flooding.
